Increasing pressure is being placed on the marine industry to address ship emissions, regulations to govern the efficient operation of ships in the form of the Energy Efficiency Design Index (EEDI) and Energy Efficiency Operation Index (EEOI) have recently come into force. All aspects of ship design and operation that impact the energy efficiency of ships are subject to revaluation. This paper investigates the detrimental effects of biofouling on the performance of Potsdam Propeller Test Case (PPTC) propeller using Computational Fluid Dynamics (CFD). A previously-developed CFD approach for approximating the surface roughness due to biofouling has been applied in order to predict the effects on propeller characteristics. The roughness effects of a typical coating and different fouling conditions on the propeller performance were predicted for various advance coefficients. The effect proved to be drastic with the most severe fouling condition resulting in a 11.94% efficiency loss at J=0.6 ranging to an alarming 30.33% loss at J=1.2 compared to the smooth condition. The study acts as a proof of concept for the proposed CFD assessment method which can be used as a very practical approach to predicting the impact of realistic fouling conditions on propeller characteristics and energy efficiency.
INTRODUCTION
Shipping is the most efficient mode of transport when compared against land and aviation counterparts. The rising world population and globalisation have resulted in increased shipping traffic and this trend will continue as shipping is the only effective means of transporting the world's cargo. This will cause greater greenhouse gas (GHG) emissions in the sector.
The recent introduction of regulatory legislation for ship emissions in the maritime industry has brought about the need for improving energy efficiency for environmental benefits.
Although ships have been identified to be one of the most efficient modes of bulk transportation in terms of emissions per tonne of cargo carried, a study carried out by the International Maritime Organisation (IMO, 2009 ) indicated that potential energy efficiency improvements could be attained using both technological and operational methods. IMO's GHG study in 2007 reported that shipping emitted around 1046 tonnes of greenhouse gases for that same year. This amounts to 3.3% of global emissions with 870 tonnes arising from CO2 making this the most prevalent gas emitted by ships. This is closely followed by SOx and NOx, which are addressed separately within the industry, however reducing the amount of fuel consumed by a vessel will naturally also have a positive impact on the emission of these gases. A projection outlined by Fang et al. (2013) indicated a significant increase of the world seaborne trade in the near future, predicting it to double by 2030. The increase in shipping volume will lead to an increase in ship emissions and IMO's second GHG study indicated that in the absence of strict policies, by the year 2050, ship emissions could multiply by a factor of around 2 to 3 times that of current levels. This therefore identifies a problematic issue, one that requires attention and recognition as concern grows and the need for improving energy efficiency to minimise emissions from the shipping sector becomes more important.
An Energy Efficiency Design Index (EEDI) (IMO, 2014) was therefore developed by a specialist group of the IMO known as the Marine Environmental Protection Committee (MEPC) as an incentive to control and lower Green House Gas emissions. The Designed EEDI of a vessel is estimated by calculating the predicted carbon emissions emitted compared to the useful work done by the ship (i.e. tonnes of cargo transported per nautical mile). EEDI restriction values assigned by the IMO differ by ship type and size. EEDI regulations were enforced on the 1st January 2013 and a phased implementation plan will see the restrictions become more stringent, currently the most demanding phase intended for implementation is in 2025. The regulations in their current form are acknowledged to have some shortcomings, however any changes are unlikely to substantially change the overall aim of these regulations.
Ambitions to improve energy efficiency in vessel operations are commonly shared with ship owners seeking to cut down fuel costs and expenses. The total ship transportation cost breakdown has changed significantly in recent years. Prior to 2008, the initial capital expenditure of a vessel was the main cost when compared to the operational and bunker cost throughout a ship's lifetime. With operating costs maintaining a constant rate throughout the years and bunker prices becoming volatile where sudden spikes in price are common, the fuel costs of a vessel are becoming more significant. Hence, with the continuing volatility of fuel costs, a vessel's fuel consumption has become a ship owner's prime concern which leads directly to considering the energy efficiency of the vessel (Hansen et al., 2011) .
There are many ways to decrease the amount of fuel used, for example by autopilot upgrades and waste heat recovery systems. Such systems have high installation costs whilst savings are difficult to calculate. Another option of reducing speed is not practical for all vessel types.
The International Council on Clean Transport (ICCT) researched potential methods to achieve the required reductions, considering the propeller as a key area of potential improvement (ICCT, 2011) . A propeller upgrade is one method but since much research is conducted before the initial selection, this only tends to occur when the propeller is damaged and must be replaced. Propeller polishing is another option, this study revealed that it exhibits a greater CO2 reduction potential (~5% with a maximum of 8%) than both propeller upgrade and weather routing as shown in Figure 1 . This magnitude is also close to that of cleaning the hull which is an uncommon realisation.
It has also been shown that the cost to achieve this reduction is one of the lowest, making it both cheap and effective. A study by Hydrex Underwater Technology projected potential fuel savings of 5% (Hydrex, 2017) . This establishes that preventing biofouling accumulation on the propeller could play an important role in reaching EEDI/EEOI targets for ship operators.
Hull cleaning and propeller polishing are both used to remove any undesired fouling particles that have attached on the surface. The effect of fouling on a propeller is not given as much attention as hull fouling and hence there is a lack of material on this subject. One possible reason is that it is difficult to study using model-scale experiments due to possible scaling issues and the need to recreate many different sample types representing all relevant fouling particles. Korkut and Atlar (2012) Ship energy consumption depends on the performance of different components of the ship system; one significant component being the ships' hydrodynamic system comprising of the hull resistance, propulsion efficiency and hull-propeller interaction. These aspects can be addressed in a number of ways, both in terms of design and operation. For instance, some studies ( (Kawamura et al., 2012) , (Hansen et al., 2011) , (Patience and Atlar, 1998) , (Schuiling, 2013) ) suggest that the installation of Energy Saving Devices (ESDs) on a ship can result in a significant improvement in energy efficiency. From an operational perspective, marine biofouling is an increasing problem from both economic and environmental points of view in terms of increased resistance, increased fuel consumption, increased GHG emissions and transportation of harmful non-indigenous species (NIS). It should be noted that even a small amount of fouling may lead to a non-negligible increase in fuel consumption. Due to its negative effects on ship efficiency and the marine environment, it is very desirable to mitigate the accumulation of biofouling on ship hulls. While improving the energy efficiency of existing ships by applying new antifouling paints, it is equally important to accurately model and understand the potential effects of biofouling on ship resistance and propeller characteristics and to demonstrate the importance of the mitigation of such effects by carrying out scientific research. The (ITTC, 2011a) therefore recommends researchers to develop new formulae or methods, using experimental data for validation, for the prediction of the effects of coatings and biofouling on ship performance. With the increased availability of computational power and advances in numerical tools and modelling software, the use of numerical procedures are becoming more popular in aiding to maximise the energy efficiency saving potential.
There is therefore the need for a practical and realistic approach to predicting this impact of fouling on ship energy efficiency, which is accessible for designers, and can be applied within realistic timescales and without significant expense. In this context CFD approaches have the advantage over experimental approaches, since the use of CFD may eliminate the significant expense of a large amount of models and test runs that would be required.
To the best of the authors' knowledge, no specific CFD model exists at present to predict the roughness effect of biofouling on propeller performance. The aim of the present paper is therefore to fill this gap by employing the CFD model proposed by Demirel (2015) and Demirel et al. (2017a) for propeller analysis. This study may therefore be considered as an extension of the study presented in Demirel (2015) and Demirel et al. (2017a) . The proposed CFD approach enables the prediction of the propeller characteristics of model-scale 3D propellers bearing a typical coating and a range of fouling conditions.
The authors believe that the question of how to correlate the roughness functions of fouled surfaces with the measurable parameters is a question far from being answered and a single measurable parameter is not enough to represent the surface roughness characteristics. For this reason, rather than trying to correlate measurable surface properties with this roughness function model, for each test surface equivalent sand roughness height, ks can be obtained using reverse engineering (Demirel et al., 2017b) . This is the height of uniform, closely-packed sand which gives the same roughness function as the roughness of interest in the fully rough flow regime (Schultz, 2007) . It should be noted that equivalent sand roughness heights are not a function of measurable surface properties and they are experimentally obtained for each surface. The main advantage of the proposed CFD model is that it enables the use of a simple roughness length scale, ks, to predict the effect of biofouling on the performance characteristics of a propeller, similar to that of Demirel et al. (2014 Demirel et al. ( , 2017a 
BACKGROUND

Literature Review
This section gives an overview of the work conducted on the topic of biofouling on marine propellers using CFD. It should be noted that as this is a very specific area, there are not a plethora of sources on this topic, but on the other hand research has been conducted in similar areas such as the impact of anti-fouling (AF) coatings on the propeller, the impact of fouling on the ship hull and optimisation of propeller design using CFD. These studies give a valuable insight into the work conducted in the field, but ultimately conclude that at present research has been conducted into propeller design and to a smaller degree fouling, but there is insufficient research on the impact of these studies combined.
Schultz, 2007 demonstrated that fouling on the hull could cause as high as an 86% powering penalty with heavy calcareous fouling. Similarly, Demirel et al. (2017a) predicted the increase in effective power required for a container vessel with heavy calcareous fouling travelling at 24 knots to be 108%. A recent study of Demirel et al. (2017b) demonstrated that even 10%
coverage of barnacles each 5mm in height can increase the effective power of a container vessel by up to 46%. These studies prove that the presence of fouling on the hull will cause significant losses. Townsin et al. (1981) recognised that propeller fouling "can be as destructive of fuel economy as rough hulls but the remedy is much cheaper". He used sand grain roughness to predict the increased drag. Mosaad (1986) recognised that although propeller losses may seem less severe than through the hull form, the losses per unit area are much greater. An analytical method was proposed to calculate the effect on ship performance of a rough hull and propeller combined with some thorough case studies. Atlar et al. (2003a) used a Rubert propeller roughness comparator followed by estimations of increased drag on blade sections and computer software to determine the efficiency lost due to fouling on a merchant ship. A propeller one-two years into service with no coating is represented by Rubert surface roughness F (252μm) and compared to a coated propeller the efficiency loss can be as high as 6%. This occurs through the increased torque and reduced thrust produced by the rougher propeller surface. Extending this study to high speed vessels Atlar et al. (2003b) found that for the normal design condition the loss in efficiency due to a Rubert F surface roughness for this vessel to be 11%, almost double that seen for the merchant ship. From this they identified that there was an increased efficiency saving potential for high speed craft such as military vessels if the accumulation of fouling could be prevented. Analysing the work of Atlar et al. (2003b) , Anderson et al. (2003) recognised that cleaning the propeller offers a "high return from a relatively low investment" with additional benefits of reduced cavitation and noise. Seo et al. (2016) estimated a 9.5% loss in propeller efficiency with heavy slime condition and 14.6% due to small calcareous fouling, concluding that a clean propeller is vitally important in determining propulsion efficiency.
In a recent study, it was found that if an antifouling coating was applied correctly to the propeller, it would be possible to avoid performance decreases due the coating itself whilst benefiting from a decreased ability for marine organisms to attach (Korkut and Atlar, 2012) .
Conversely, such coatings are rarely applied to the propeller due to assumptions that the copper/bronze surface already acts as an anti-fouling system which is not always the case.
Furthermore, some coatings are toxic and can leach out to the environment after some deterioration occurs, whilst others are less toxic but also more expensive and less effective.
Many of the experiments investigating surface roughness model simple geometries such as flat plates or a barge shaped vessel whereas propeller geometry is comparatively complex. In addition, due to the variation of biofouling organisms and the severity of the accumulation, a high number of samples would be required to build an understanding of its effect. Granville (1958 Granville ( , 1978 proposed a similarity law scaling procedure for the prediction of the effects of a particular surface roughness on the frictional resistance of any arbitrary body covered with the same roughness, utilising experimentally obtained quantities. Grigson (1985) proposed a method which is partly experimental and partly theoretical, just like the ones proposed by Granville. When it comes to CFD-based models, there are fewer studies investigating the roughness effects of coatings and biofouling on ship resistance. Currently, physical modelling of the roughness sources, such as coatings or biofouling in CFD is practically impossible due to their complex geometries. However, once the relationship of
is known, where ∆U + is the roughness function and k + is the roughness Reynolds number, it can be employed in the wall-function of the turbulence models of the CFD software, as discussed by Patel (1998) . The use of CFD-based unsteady RANS models is of vital importance, since the phenomenon can be simulated by means of a fully non-linear method.
High power computer facilities are now more readily available than towing tanks allowing a more in-depth study to be performed in a shorter time frame. Having said that, while CFD provides accurate results when used properly, experimental data is still a necessity for the validation of CFD models and the development of accurate CFD prediction methods.
Several studies exist which model the effects of a uniform sand-grain roughness either using wall-functions (e.g. (Suga et al., 2006) , (Apsley, 2007) ) or using near-wall resolution (e.g. (Krogstad, 1991) , (Aupoix, 2007) ). Eça and Hoekstra (2011) showed that the effect of uniform sand-grain roughness on the frictional resistance of flat plates of full-scale ship lengths at fullscale ship speeds could be accurately simulated using either wall-functions or near-wall resolution. Khor and Xiao (2011) investigated the effects of fouling and two antifouling coatings on the drag of a foil and a submarine by employing a CFD method. They used the equivalent sand grain roughness height and the built-in wall-function which considers the uniform sand-grain roughness function model proposed by Cebeci and Bradshaw (1977) , based on Nikuradse's data (Nikuradse, 1933) . Castro et al. (2011) 
Propulsion Characteristics
In order to characterise the design performance of a propeller its open water and after-hull properties should be described. The first term expresses the behaviour of the propeller in uniform flow with a steady load while the second term illustrates moment and forces for a propeller in a mixed wake field experiencing steady and unsteady loads. Generally, propeller designs are compared by analysing their thrust (T) and torque (Q) in an open water environment. Most importance is placed on the force produced by the propeller, thrust (T) and the moment produced, torque (Q). To allow adequate comparison, these are expressed as nondimensional coefficients, namely thrust coefficient (KT) and torque coefficient (KQ), using standard relations as in Equations 1 and 2.
= 2 4 (1)
where D is the propeller diameter, is the water density, and n denotes the revolutions per second. KQ is often expressed as 10 KQ since this normally results in a value of the same order as KT. The advance velocity is defined as Va, thus a non-dimensional advance coefficient, J, is
Thrust (KT) and torque (KQ) coefficients can be used to evaluate the propulsion efficiency () (Equation 4).
To identify the optimum efficiency and operating point of a propeller, thrust and torque coefficients should be plotted for a range of advance coefficients (J) producing propeller curves.
NUMERICAL MODELLING
Mathematical formulation
A Reynolds-Averaged Navier-Stokes (RANS) method was used to solve the governing equations in this study. These mass and momentum conservation equations were solved by the commercial CFD software STAR-CCM+. The averaged continuity and momentum equations for incompressible flows are given in tensor notation and Cartesian coordinates by Eq (5) and Eq (6) (Ferziger and Peric, 2002) .
where  is density, i u is the averaged Cartesian components of the velocity vector,  ij uu  is the Reynolds stresses and p is the mean pressure. ij  are the mean viscous stress tensor components, as shown in Eq (7).
in which μ is the dynamic viscosity.
The solver uses a finite volume method which discretises the governing equations. A second order convection scheme was used for the momentum equations and a first order temporal discretisation was used. The flow equations were solved in a segregated manner. The continuity and momentum equations were linked with a predictor-corrector approach.
The SST (Shear Stress Transport) k- turbulence model was used in order to complete the RANS equations, which blends the k- model near the wall and the k- model in the far field.
It is of note that the ITTC (2014) recommend the use of at least 180 time steps per revolution.
Therefore, the time step size of the unsteady simulations was set such that the recommendation of ITTC (2014) was satisfied to ensure a reliable solution for such a complex phenomenon.
The wall-function approach proposed by Demirel et al. (2017a) was used throughout all the cases, by employing the roughness function model given by equation (8) 
Reference may be made to Demirel et al. (2017a) for a comprehensive explanation on the wallfunction approach for fouling conditions used in this study. General information about the wallfunction approach and details of the application of roughness functions through wall-functions can be found in Demirel et al. (2014) . (Mizzi et al., 2017) . As there is a significant body of information available in the public domain for the PPTC propeller geometry and its open water tests, both the propeller and its shaft could be accurately represented in the validation study. Some main geometrical parameters of the PPTC propeller can be seen in Table 2 . It is important to choose appropriate boundary conditions for CFD problems, since these boundary conditions directly affect the accurate flow solutions (Demirel et al., 2014) . A general view of the computation domain with the PPTC Model-Scale Propeller model and the notations of selected boundary conditions are depicted in Figure 3 . The boundary conditions of the simulations were chosen to represent the propeller being completely submerged in an infinite ocean. Table 3 shows the regions and boundaries that the simulation is divided into and the type of boundary employed. This controls how the flow enters and exits the domain through the inlet and outlet and that the flow will slow due to boundary layer effects at a wall boundary. Whilst the far field symmetry condition tells the software the domain is infinite, i.e. not to consider the effect of the water surface or the seabed.
Equally for the far field region a slip wall condition or a velocity inlet with its only component parallel to the flow direction would give the same results. The propeller was modelled as a no-slip rough wall in order to represent the roughness on the propeller. The two opposite faces at the x-direction of the domain were modelled as a velocity inlet and a pressure outlet, respectively. Only half of the propeller and control volume were simulation. In the experimental setup, the recording devices and mountings would be seen on this shaft located behind the propeller.
Mesh generation
To yield reliable results from CFD calculations, the generation of an accurate mesh is of great importance. A cut-cell grid with prism layer mesh on the walls was generated using the automatic mesh generator in STAR-CCM+. Local refinement is carried out for the propeller blades region to capture finer details on this surface, with a finer mesh again at the blade edges as these surfaces produce more torque, thus are of more importance to achieve an accurate solution.
A coarse mesh was employed in the far field, inlet and outlet regions since the flow far from
propeller is not as crucial on the results whereas an extra cylinder is created in the rotating region to capture rotational flow characteristics of the propeller. Figure 4 shows the profile cross-section of the meshed domain whereas Figure 5 shows the surface mesh. The mesh generation for this study was achieved using similar techniques to those explained in Demirel et al. (2014) and in Mizzi et al. (2017) . Performing near-wall mesh generation requires great care since this is directly related to the hull roughness due to marine coatings and biofouling. A special near-wall mesh resolution was applied to all surfaces with no-slip boundary conditions based on the roughness height values corresponding to each fouling condition. For this reason, the near-wall cell numbers varied for some of the fouling conditions. These differences resulted in different total cell numbers.
According to CD-Adapco (2014) and Demirel et al. (2014 Demirel et al. ( , 2017a , the prism layer thickness and prism layer numbers were determined such that y + is always higher than 30, and higher than k + . The numbers of the total cells generated are given in Table 4 for propeller. The final y + distribution on different surfaces is illustrated in Figure 6 . It should be noted that although the y + ranges on the surfaces are extensive, the weighted average y + values are well below 100.
In addition to this, convergence tests were carried out in order to obtain grid independent solution. Since the cell numbers are influential on the solution, performing convergence tests is also necessary to be able to predict the uncertainty of the CFD calculations. The details and a discussion of the convergence test and near wall mesh dependence study are presented in Section 4.1.
Modelling Variations
CFD includes two possible methods to simulate a rotating propeller: the Moving Reference
Frame (MRF) Method and the Rotating Mesh also known as Sliding Mesh approach. For the sliding mesh approach, the whole domain rotates about an axis yielding transient calculations producing time-accurate results that require high computational power. For the MRF approach which is less computationally expensive, the domain remains stationary with an assigned frame of reference rotating about a pre-defined axis with respect to the global co-ordinate system.
MRF simulations carry out a steady-state approximation to a transient problem producing timeaveraged results (Mizzi et al., 2017) . In this study, a comparison study was carried out investigating the differences between the propeller representation methods, namely steady MRF, unsteady MRF and unsteady sliding mesh methods. Table 7 presents the KT, KQ and  for each simulation in comparison with the experimental results given in Table 6 . It should be noted that the experimental values given in Table 6 are experimental results interpolated for J values of interest, based on the original experimental data of SVA (2011) (see Table 5 ). It is of note that the term experimental data stands for the interpolated values given in Table 6 from this point onward. Another interesting observation is that the results obtained using sliding mesh and MRF methods showed minor differences, which is in accordance with the findings of Mizzi et al. 
RESULTS
Grid sensitivity study
Firstly, a near-wall grid dependence study was carried out to determine the effect of y + on the calculated open water characteristics. To generate each mesh, the distance of the first grid from the rough wall was gradually changed, whilst keeping all other parameters the same. Open water characteristics from different simulations, each with a different y + value, are shown in As demonstrated in Table 8 , although the solutions slightly differ with varying y + values, the use of higher y + values to comply with the requirements related to severe fouling conditions does not cause significant deviations.
Systematic studies were then performed in order to carry out a grid sensitivity study and to predict the numerical uncertainties. In order to observe the effect of cell numbers on the key variables, (KT, 10KQ and ɳ), the domain was discretised in four different resolutions and the simulations were run for each configuration. Four different types of mesh grid refinements were classified as coarser, coarse, medium, and fine. A mesh refinement factor, r, was chosen as √2 as used by Tezdogan et al., (2015) ,Peder Kavli et al. (2017) and Momchil et al. (2018) .
KT, 10KQ and ɳ values for each mesh configuration were computed and are presented in Table   9 and Figure 7 . Figure 7 show that increasing the cell count brings the solution closer to that of the experimental result but with detrimental penalties in run time. Medium mesh configuration was found to be the best compromise between the accuracy and run-time and therefore medium mesh configuration was selected in all subsequent computations. (The error for open water efficiency versus experimental result at J=0.6 is 1.93 %). Table 9 highlights that the mesh dependence study showed monotonic convergence, this is deemed to occur when further refinements bring the result closer and closer to a final solution,
i.e. there are no signs of oscillations or divergence.
Verification study
A verification study should be carried out to show the capability of the proposed model and the software for the desired calculations. The Grid Convergence Index (GCI) Method based on As can be seen from Table 10 , numerical uncertainties of 2.52%, 2.47% were calculated for the computed KT and KQ values respectively.
Validation study
This There is a slight over estimation of KT and 10KQ at low J values and conversely a slight underestimation at high J values. The efficiency exhibits the largest deviation at high J values since it incorporates both KT and 10KQ and possible inaccuracies with these results. Another conclusion is that at higher y + values, the accuracy of the simulation slightly reduces. Since y + is a function of shear stress and velocity, the increased velocity of higher J values could be the reason for this slight disagreement.
Effects of fouling
In this section the effects of different roughness conditions of the propeller are presented.
Thrust coefficient (KT), torque coefficient (KQ) and propulsion efficiency ( ) values of the model scale PPTC propeller were directly predicted by the present CFD simulations. Open water characteristics in the case of smooth condition are outlined in Table 11 . As can be seen in Table 12 , the decreases in the efficiency of the propeller were predicted to be 1.40% at J=0.6 and 4.12% at J=1.2 for a typical as applied antifouling (AF) coating, 3.88% at J=0.6 and 10.31% at J=1.2 for a light slime condition and 11.94% at J=0.6 and 30. 33% at J=1.2 for a heavy calcareous fouling condition. These values altered to 6.38%, 11.11% and 11.94% at J=0.6 and 18.22%, 28.03% and 30.33% at J=1.2 for heavy slime, small calcareous fouling or weed and medium calcareous fouling, respectively.
The results presented in Table 12 indicate that the reduction in the KT of the propeller due to a typical, as applied AF coating were predicted to be 1.16% and 4.52% whereas those due to a deteriorated coating or light slime were computed to be 3.17% and 10% at J values of 0.6 and 1.2, respectively. It was shown that the effect of heavy slime on the PPTC propeller caused a reduction in the KT of 6.15% at J=0.6 and 19.37% at J=1.2. The calcareous fouling would decrease KT by up to 10.89% at J=0.6 and 25.50% at J=1.2.
Similarly, the increase in the torque coefficient, KQ, of the PPTC propeller due to a deteriorated coating or light slime surface condition was predicted to be 0.74% at a J value of 0.6 and to be 0.36% at a J value of 1.2. These values became 0.24% and 1.41% when calculating the increase in KQ due to a heavy slime condition. Calcareous fouling causes significant increase in KQ values, ranging from 0.92% to 1.20% at J=0.6 and 6.54% to 6.90% at J=1.2, depending on the type of calcareous fouling and ship speed.
An interesting point to note is that the effects of medium calcareous fouling and heavy Figure 9 highlights the thrust the propeller produces reduces with increased fouling severity. Small calcareous fouling or weed, medium calcareous fouling and heavy calcareous fouling conditions also become increasingly close together as the effect tails off once small calcareous fouling or weed is reached. Figure 10 shows the calculated torque coefficients, KQ, of the PPTC propeller obtained for 7 different roughness conditions over an advance coefficient range from 0.6-1.2. As can be seen from Figure 10 and Table 12 , the change in torque coefficients is lower than that observed for thrust coefficients. Results also showed that there is a tendency for the torque coefficient to increase with increasing surface roughness. Figure 11 shows the decrease in efficiency through smooth condition to small calcareous fouling case and then that reduction diminishes from small calcareous fouling case to medium calcareous fouling case before finally medium calcareous fouling case and heavy calcareous fouling case lie on the same line so are plotted together. This graph indicates that the higher the J value the greater the reduction in efficiency, thus vessels operating at high advance coefficients will experience a greater effect on performance. The optimum efficiency point shifts towards lower J values with increased fouling and this can also be observed here. 
DISCUSSION AND CONCLUSIONS
In this paper, a CFD approach for the prediction of propeller open water characteristics has been described using a well-known bench-marking case, namely the PPTC propeller. The propeller model was simulated with different levels of fouling applied in the form of a modified wall-function employing a new roughness function model. Model scale CFD optimisation was performed which provided valuable insights into the importance of various configurations, meshes and physics models. The paper reported very close agreement between the experimental results and CFD predictions for smooth condition.
Results showed that with increasing propeller surface fouling, the magnitude of the propeller thrust coefficient decreases while the magnitude of the torque coefficient increases. This results in a net decrease in open water efficiency of up to 30% at the highest simulated fouling level.
The decreases in the efficiency of the propeller were predicted to be 1.40% at J=0.6 and 4.12% at J=1.2 for a typical as applied antifouling (AF) coating, 3.88% at J=0.6 and 10.31% at J=1.2 for a light slime condition and 11.94% at J=0.6 and 30.33% at J=1.2 for a heavy calcareous fouling condition. These values altered to 6.38%, 11.11% and 11.94% at J=0.6 and 18.22%, 28.03% and 30.33% at J=1.2 for heavy slime, small calcareous fouling or weed and medium calcareous fouling, respectively.
An interesting point to note is that the effects of medium calcareous fouling and heavy calcareous fouling on the open water characteristics of the model-scale PPTC propeller are surprisingly similar. This can be attributed to the fact that the roughness heights of these fouling conditions are substantially high compared to the dimensions of the model-scale propeller and that open water characteristics are expected to reach a plateau at a certain fouling condition.
The authors believe the outcome suggests that after a certain threshold, increase in the severity of fouling have minor effect on open water characteristics.
It is important to highlight that the roughness function model used in this study was derived from the experimental data of flat plates where the boundary layer flow is developed along the main streamwise direction and the influence of pressure gradient is assumed to be negligible, while the flow conditions of propellers are different. Therefore, an obvious future work would be to carry out an experimental study including propellers covered with the biofouling conditions in question and to validate this CFD approach with the measured experimental data.
Having said that, the present CFD model and predictions may be considered as a leap forward towards a fully-nonlinear and realistic approach.
It should be noted that in this study, a uniform inflow was assumed into the propeller, which is not representative of a real case. In reality the propeller would not only be operating in the wake of a ship hull but also most likely a fouled ship hull, further changing the operational conditions away from the design point by modifying the wake, and hence further impacting on the propeller efficiency.
The approach proposed in this study can be extended in order to investigate other scenarios.
Firstly, the use of roughness functions is not limited to propeller surfaces, but could be applied to hull and appendage surfaces. The impact of fouling on many other aspects of ship operation such as propeller efficiency behind a clean or fouled hull, ship manoeuvring, and seakeeping.
Secondly, although the current approach applied a uniform coverage of one fouling level across the propeller, the method allows for non-uniform coverage and variation in fouling level over a surface. Thirdly, rather than using a single roughness height to represent a limited number of fouling types, a graduated approach could be developed to represent any level of fouling. In addition to the many applications of the approach, the addition of surface roughness has no impact on the running time of the CFD simulations and is therefore a cost effective and practical method for more realistic representation of reality. Using the approach described in this paper, ship owners could investigate the impact of fouling on their own propeller designs, and could hence use the efficiency changes predicted within a decision-making framework to schedule when it would be economically beneficial to dry dock the vessel or at least clean the propeller.
An interesting future work will be to extend the CFD study to provide full scale predictions.
